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Introduction
Endogenous nucleosides and nucleobases are important precursors of nucleic acid synthesis in mammalian cells. The purine nucleoside adenosine is also an important signaling molecule that regulates a variety of physiological processes via binding to cell surface adenosine receptors (Olah and Stiles, 1992; Sebastiao and Ribeiro, 2009) . Uptake of adenosine and other nucleosides into mammalian cells is mediated by specific membrane transporters. These transporters play an important role in regulating adenosine signaling by controlling its extracellular concentrations at the receptor sites (Griffith and Jarvis, 1996; Kong et al., 2004; Young et al., 2008) . Two distinct transporter families are involved in nucleoside uptake. The concentrative nucleoside transporters (CNTs) are encoded by genes in the solute carrier 28 (SLC28) family and mediate Na + -dependent nucleoside transport. CNTs are predominantly found in epithelial cells such as those in kidney, liver, and intestine (Gray et al., 2004; Kong et al., 2004) . The equilibrative nucleoside transporters (ENTs) are encoded by genes in the SLC29 family, which contains four isoforms, ENT1-4. ENT1 (SLC29A1) and ENT2 (SLC29A2)
broadly transport purine and pyrimidine nucleosides via Na + -independent facilitated diffusion.
ENT2, but not ENT1, is also able to transport nucleobases. ENT1 and ENT2 can be functionally differentiated by their sensitivity to classic inhibitors such as nitrobenzylmercaptopurine ribonucleoside (NBMPR), dipyridamole and dilazep. ENT1 is 2-4 orders more sensitive to these inhibitors than ENT2 (Baldwin et al., 2004; Kong et al., 2004) . The third isoform, ENT3
(SLC29A3), also has a broad substrate selectivity for nucleosides and nucleobases, and may function as an intracellular membrane transporter (Baldwin et al., 2005; Govindarajan et al., 2009 ). Among the nucleoside transporters, ENT1 is ubiquitously expressed in mammalian cells
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and represents the most important transporter in regulating adenosine concentrations at its receptor sites (Baldwin et al., 2004; Kong et al., 2004) .
The fourth isoform in the ENT family, PMAT (or ENT4, SLC29A4), was first cloned and characterized in our laboratory in 2004 (Engel et al., 2004) . In humans, PMAT is broadly expressed in several tissues, but is most strongly expressed in the brain (Engel et al., 2004) .
Using heterologous expression systems, we first demonstrated that PMAT is a plasma membrane transporter and transports monoamine neurotransmitters (e.g. serotonin, dopamine, norepinephrine) with minimal interactions with nucleosides. We thus named the transporter
Plasma Membrane Monoamine Transporter (PMAT). Subsequent studies in our laboratory
further demonstrated that PMAT shares a large substrate overlap with the organic cation transporters (Wright and Dantzler, 2004; Fujita et al., 2006; Koepsell et al., 2007) , transporting a wide array of structurally diversified organic cations including biogenic amines, 1-methyl-4-phenylpyridinium (MPP + ), tetraethylammonium (TEA), and metformin (Engel and Wang, 2005; Zhou et al., 2007c) . Therefore, we have proposed that PMAT functions as a polyspecific organic cation transporter, which may play role in monoamine clearance and transport of cationic drugs and toxins in vivo (Engel et al., 2004; Engel and Wang, 2005; Zhou et al., 2007c) .
Recently, using Xenopus oocytes expressing PMAT, Barnes et al. reported PMAT as a pH-activated adenosine transporter, which avidly transports adenosine under acidic pH (Barnes et al., 2006) . These investigators thus proposed PMAT (ENT4) as a dual nucleoside/organic cation transporter (Barnes et al., 2006; Young et al., 2008) . Because the Barnes study was mostly conducted at an extremely acidic pH (pH 5.5), the relevance of PMAT to nucleoside uptake versus organic cation uptake at physiological conditions remains unclear. To clarify the substrate specificity of PMAT, we comprehensively analyzed the transport activity of PMAT DMD #32987 8 0.5 µM NBMPR was added to the transport buffer to suppress endogenous nucleoside uptake activities. After incubation, uptake was terminated by aspirating the reaction mixture and washing the cells three times with ice-cold KRH buffer. Cells were then solubilized with 0.5 ml of 1 N NaOH and neutralized with 0.5 ml of 1 N HCl. A portion of the lysate (0.5 ml) was quantified by liquid scintillation counting, and 25 µl were used for the protein assay. For nucleoside inhibition studies, cells were pre-incubated with KRH with no inhibitors, and then incubated with [ 3 H]MPP + in the presence of various nucleosides. Cells were then rinsed three times with ice-cold KRH buffer and samples were assayed as described above.
PMAT Expression in Xenopus laevis
Oocytes. PMAT cRNA was synthesized in vitro using a method described previously (Zhou et al., 2007a Figure 1a , a monophasic inhibition pattern was observed across a wide NBMPR concentration range (0-100 µM). The fitted IC 50 value was 3.4 ± 0.6 nM, which is similar to the IC 50 ( 2.9 ± 0.6 nM) reported previously (Hammond et al., 2004) . The inhibition started to reach maximum at around 0.1 µM and further increasing NBMPR concentration had little added effect on total adenosine uptake. At maximal inhibition, the NBMPR non-inhibitable baseline was only about 6% of total adenosine uptake and likely represents non-specific binding. These data further confirmed that MDCK cells predominantly express ENT1 activity, and it might be feasible to use classic ENT1 inhibitors to suppress endogenous nucleoside uptake and unmask PMAT-mediated nucleoside transport activity in the MDCK expression system. To identify a safe concentration window, we then examined the interaction of PMAT with classic nucleoside transport inhibitors NBMPR, dipyridamole, and dilazep using MDCK cells stably expressing human PMAT. MPP + , a prototype organic cation substrate of PMAT, was used as the probe substrate as it is not metabolized and has a low background uptake in MDCK cells (Engel and Wang, 2005 shown in Figure 1b , NBMPR, dipyridamole and dilazep inhibited PMAT-mediated MPP + uptake with a K i value of 11.1, 5.9 and 10.1 µM respectively. These K i values are 3-4 orders greater than those reported for ENT1 (Ward et al., 2000; Visser et al., 2002; Baldwin et al., 2005) (Table   1 ). Among three ENT1 inhibitors, NBMPR demonstrated the highest differential sensitivity towards ENT1 and PMAT, we therefore chose to use 0.5 µM NBMPR to suppress endogenous nucleoside uptake activities. decynium-22 on adenosine uptake in vector-and PMAT-transfected MDCK cells. MPP + is a prototype organic cation substrate efficiently transported by PMAT, whereas decynium-22 is a well established high affinity inhibitor for PMAT (K i = 0.1 µM) (Engel et al., 2004; Engel and Wang, 2005) . NBMPR was included in uptake buffer to suppress endogenous nucleoside transporter activity. MPP + (500 µM) and decynium-22 (1 µM) almost completely abolished adenosine uptake in PMAT-expressing MDCK cells ( Fig. 3a) but had no effect on baseline uptake in vector-transfected cells, suggesting that the observed adenosine uptake in PMATtransfected cells is specifically mediated by the heterologously expressed PMAT transporter.
Adenosine Transport Kinetics. Concentration-dependent uptake was carried out to determine the kinetic property of PMAT towards adenosine at pH 7.4. PMAT-mediated adenosine uptake was saturable with an apparent K m of 413 ± 107 µM and a maximal velocity (V max ) of 2013 ± 140 pmol/min/mg protein (Fig. 3b) . The apparent affinity of PMAT towards adenosine is significantly lower than that of hENT1 (K m = 40 µM) and hENT2 (K m = 140 µM) previously determined in PK15 cell expression system (Ward et al., 2000) . The apparent efficiency (V max /K m ) of PMAT-mediated adenosine transport was 4.9 µl/min/mg protein, which is 12-and 17-fold lower than the V max /K m values for MPP + and serotonin previously determined in the same cell line (Table 2) . under both normal (pH 7.4) and acidic (pH 6.6) conditions. All compounds were used at 1 µM, which is much lower than their K m values towards PMAT (Table 2 ). Under these conditions (i.e.
Comparison of Adenosine and Organic Cation
[S] << K m ), the rate of uptake, determined by V= V max /K m x [S], directly reflects the apparent transport efficiency (V max /K m ). At pH 7.4, PMAT-expressing cells showed significantly enhanced uptake for adenosine, MPP + and serotonin (Fig. 4a) . Consistent with the 12-and 17-fold differences in the transport efficiency (Table 2) , PMAT-mediated MPP + and serotonin uptake was 11 and 14 times higher than that of adenosine. Under acidic condition (pH 6.6),
PMAT-mediated adenosine uptake is enhanced by 2.5-fold (Fig. 4a) . However, a similar magnitude of increase was also observed for the cationic substrates MPP + (~ 2-fold) and serotonin (~3-fold), resulting in an equally higher (11-and 16-fold) uptake of organic cations at pH 6.6. No statistically significant PMAT-mediated uptake was observed for adenine under either neutral or acidic pH. For inosine, PMAT-mediated uptake was insignificant at pH7.4 and only reached marginal significance at pH 6.6.
Comparison of Adenosine and Organic Cation Transport by PMAT Expressed in Xenopus
Oocytes. Our study in PMAT-expressing MDCK cells showed that the organic cation substrates MPP + and serotonin are transported at much higher efficiencies by PMAT at both pH 6.6 and 7.4. Furthermore, the stimulatory effect of acidic pH on PMAT activity is not adenosine-specific as the rates of PMAT-mediated MPP + and serotonin uptake were also increased at similar magnitudes at acidic pH. These findings are different from the Barnes study, where the pH effect was reported to be adenosine-specific (Barnes et al., 2006) . To explore whether the difference was due to the use of different expression systems, we expressed PMAT in Xenopus oocytes, the system used in the Barnes study. Uptake of nucleosides and organic cations was This article has not been copyedited and formatted. The final version may differ from this version. carried out side-by-side in the same experiment using the same batch of oocytes. All substrates were used at 1 µM and incubated for 60 min with water-or PMAT cRNA-injected oocytes in the presence of 0.5 µM NBMPR. Similar to results obtained in MDCK cells, PMAT-specific uptake was much greater for MPP + and serotonin than for adenosine at both pH 7.4 and 6.6 (Fig. 4b) .
Lowering extracellular pH from 7.4 to 6.6 had a similar stimulation effect on the transport of all three substrates. Endogenous uptake of adenine and inosine was lower in oocytes than in MDCK cells; however, no significant PMAT-mediated uptake was observed at pH 7.4 or 6.6. Taken together, our results suggest PMAT transports organic cations (e.g. MPP + , serotonin) at much higher efficiencies than adenosine at both neutral and acidic conditions (pH 6.6). The stimulatory effect of PMAT by acidic pH is not adenosine-specific, but rather characteristic to all tested substrates.
Effect of Membrane Potential on PMAT-mediated Adenosine Transport. We previously showed that PMAT-mediated organic cations transport is sensitive to changes in membrane potential (Engel et al., 2004) . To examine whether PMAT-mediated adenosine transport is affected by membrane potential, uptake was carried out under various depolarization conditions at pH 7.4 in the presence of 0.5 µM NBMPR. Depolarization of cells with increased extracellular K + strongly reduced PMAT-mediated adenosine uptake (Fig. 5) . Barium, a potent potassium channel blocker, also substantially reduced PMAT-mediated adenosine uptake. These data suggest that PMAT-mediated adenosine transport is electrogenic and favored by the physiological inside negative membrane potential.
This article has not been copyedited and formatted. The final version may differ from this version. (Fig. 6a) , consistent with our previous finding that PMAT is highly expressed in the brain (Engel et al., 2004; Dahlin et al., 2007) . PMAT transcripts in the skeletal muscle were 40-fold lower than in the brain and 340-fold lower than the stably transfected MDCK cells (Fig. 6a) .
To evaluate the relevance of PMAT in adenosine transport in the presence of major nucleoside transporters ENT1 and ENT2, we also determined the relative expression levels of PMAT, hENT1 and hENT2 in human brain and skeletal muscle (Fig. 6b) . In the brain, PMAT and hENT1 were expressed at much higher levels than hENT2, with PMAT expression approximately 2-fold higher than hENT1. In the skeletal muscle, hENT1 was highly expressed and its expression was 4.4-fold higher than hENT2 and 66-fold higher than PMAT.
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Discussion
Studies in our laboratory previously demonstrated that PMAT functions as an organic cation but not a nucleoside transporter (Engel et al., 2004) . Recent reports, however, classified this transporter as a dual nucleoside/organic cation transporter (Barnes et al., 2006; Young et al., 2008) . To clarify the biological function of PMAT, we re-investigated its substrate specificity by focusing on its interaction with nucleosides/nucleobases and by comparing the relative transport efficiency of PMAT in transporting organic cations and nucleoside substrates.
We first confirmed that MDCK cells predominantly express ENT1 activity, which can be effectively suppressed by low concentrations of NBMPR (Fig. 1a) . We then analyzed the interaction of PMAT with classic ENT1 inhibitors with the goal of identifying a concentration window to effectively suppress endogenous ENT1 without affecting PMAT. Our data revealed that PMAT is 3-4 orders more resistant to NBMPR, dipyridamole and dilazep than hENT1 (Table 1, Fig. 1b ). For example, the K i values of NBMPR are 0.4 and 11,074 nM towards hENT1 and PMAT, respectively. Since endogenous adenosine uptake in MDCK cells was almost fully inhibited by NBMPR at concentrations greater than 0.1 µM (Fig. 1a) , we chose to use 0.5 µM of NBMPR to suppress endogenous uptake in all adenosine transport studies in MDCK cells. At this concentration, NBMPR suppressed 94% of total endogenous adenosine uptake ( Fig. 1a) with negligible effect on PMAT (Fig. 1b) . A cross comparison with other hENT isoforms ( Table 1 ) also revealed that PMAT, like ENT2, has low affinity interaction with classic ENT inhibitors, although subtler isoform-dependent difference was observed towards specific inhibitors. PMAT displays similar affinities towards NBMPR, dipyridamole and dilazep, whereas hENT2 exhibits differential sensitivities towards these inhibitors. The nature of the low affinity interaction between classic ENT inhibitors and PMAT is unclear. Our recent structureThis article has not been copyedited and formatted. The final version may differ from this version. function analysis studies suggest that PMAT and the ENTs share a similar protein organization, despite their marked differences in substrate specificity (Zhou et al., 2007b) . It is possible that the low affinity NBMPR binding site in PMAT is similar to that in ENT2. Alternatively, these inhibitors may interact with PMAT at a structurally distinct site.
Using 0.5 µM of NBMPR to control endogenous nucleoside uptake, we observed significant transporter-mediated adenosine uptake in PMAT-expressing MDCK cells and Xenopus oocytes at physiologic pH (Figs. 2 and 4) . No uptake activity was detected for any other nucleosides (guanosine, inosine, cytidine, thymidine, and uridine) or nucleobases (adenine, guanine, hypoxanthine, cytosine, thymine, and uracil). Such adenosine specificity of PMAT is in sharp contrast to ENT1 and ENT2, which broadly transport all naturally occurring pyrimidine and purine nucleosides and even some nucleobases in the case of ENT2 (Ward et al., 2000; Kong et al., 2004) . On the other hand, a large number of organic cations are accepted by PMAT as substrates, including MPP + , serotonin, dopamine, histamine, epinephrine, TEA, and metformin (Engel and Wang, 2005; Zhou et al., 2007c) . The apparent transport efficiency (V max /K m ) for adenosine is significantly lower than that of most of organic cation substrates (Table 2) . Indeed, when measured side-by-side, the transport activity of adenosine was only fractional of those of MPP + and serotonin uptake in both MDCK and oocyte expression systems (Fig. 4) . These data strongly argue against PMAT as a typical nucleoside transporter, but confirmed our original hypothesis that PMAT functions as a polyspecific organic cation transporter.
Using Xenopus oocytes expressing human PMAT, Barnes et al. reported PMAT as a pHactivated adenosine transporter, whose activity towards adenosine is activated at acidic pH but absent at pH 7.4. On the other hand, PMAT-mediated serotonin transport was reported to be insensitive to pH changes, and the pH-effect on PMAT was described as adenosine-specific This article has not been copyedited and formatted. The final version may differ from this version. (Barnes et al., 2006) . In contrast, we previously observed pronounced pH effect on PMATmediated organic cation transport (Xia et al., 2007) . In this study, we re-investigated the effect of extracellular pH on PMAT-mediated adenosine and organic cation uptake side-by-side in MDCK cells and in Xenopus oocytes. Our data consistently showed that PMAT-mediated uptakes of adenosine, serotonin and MPP + were equally sensitive to extracellular pH, and were enhanced at similar magnitudes by acidic pH (Fig. 4) . These results demonstrated that the stimulatory effect of proton is not substrate-specific but rather a general characteristic of PMATmediated transport.
The mechanism by which acidic pH stimulates PMAT activity is still unclear. Limited data from our laboratory indicate that it may be due to transport coupling with a transmembrane proton gradient (i.e. a proton-substrate cotransport mechanism) (Xia et al., 2007) . Interestingly, PMAT-mediated adenosine transport is sensitive to membrane potential changes and decreases under depolarizing conditions (Fig. 5) . These data suggest that PMAT-mediated adenosine transport is electrogenic, and there is net transfer of positive charges across the membrane during adenosine translocation. Since adenosine itself does not carry a charge at neutral pH, this electrogenic property may be resulted from a net transfer of a positive charge of a co-transported proton ion. More direct studies employing electrophysiological measurements are necessary to elucidate the precise mechanism of the observed proton effect on PMAT.
Adenosine regulates a variety of physiological processes. In the brain, adenosine exerts an inhibitory tone and serves as an endogenous neuroprotective agent against ischemia-and seizure-induced neuronal injury (Rathbone et al., 1999; Latini and Pedata, 2001 ). In the skeletal muscle, adenosine functions as a locally produced regulator of muscle blood flow and plays a major protective role during systemic hypoxia (Hellsten et al., 1998; MacLean et al., 1998 quantitative PCR results showed that hENT1 is highly expressed in both human brain and skeletal muscle (Fig. 6b) , suggesting a major role of this transporter in regulating adenosine levels in these tissues. Consistent with our previous reports (Engel et al., 2004; Dahlin et al., 2007) , PMAT is highly expressed in the brain (Fig. 6b) . While our previous northern blot showed significant PMAT expression in human skeletal muscle (Engel et al., 2004) , quantitative real-time PCR revealed that its expression in this tissue is much lower than in the brain. The reported extracellular concentrations of adenosine, determined by in vivo microdialysis, under normal physiological conditions are between 40-460 nM in the mammalian brain (Zetterstrom et al., 1982; Ballarin et al., 1991; Latini and Pedata, 2001 ) and 220-440 nM in human skeletal muscle (Hellsten et al., 1998; MacLean et al., 1998) . Given its low affinity and low activity towards adenosine, and in the presence of other highly active nucleoside transporters, especially ENT1, PMAT is not likely to function as a major contributor for adenosine uptake in vivo.
However, during ischemia or hypoxia, extracellular adenosine concentrations rise drastically (up to 30-46 folds) (Latini and Pedata, 2001) , and there is evidence that ENT1 expression and activity may be repressed by hypoxia (Eltzschig et al., 2005) . Under such conditions, PMAT may play a backup role in adenosine uptake, especially in the brain where the transporter is abundantly expressed.
In summary, our results demonstrated that PMAT does not function as a typical nucleoside transporter and transports adenosine much less efficiently than organic cations.
PMAT is relatively insensitive to classic nucleoside transport inhibitors and is stimulated by acidic pH in a substrate-independent manner. Functionally, PMAT should be viewed as a polyspecific organic cation transporter rather than an archetypical nucleoside transporter.
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